INTRODUCTION
Impacts of non-native species are assessed at many scales, ranging from genetic and evolutionary changes in individual organisms to ecosystems and landscapes, reflecting the scope of effects that alter ecological integrity and ecosystem services (Charles & Dukes 2008 , Pejchar & Mooney 2009 ).
Nevertheless, the mechanisms and even the scope of impact continue to be debated (Davis 2009 ).
This review concentrates on the ecosystem scale. In trying to establish what kinds of impacts exotic species may have on ecosystems, it is first necessary to define the scope of what is meant by ecosystem, as this word is freely used in many contexts. The question of impact also requires some definition, as this term is also broadly used to refer to a wide range of possible outcomes due to invasion. The goals of this review are to survey the mechanisms by which invasive species affect ecosystems and to ask whether specific pathways of effect are universally applicable to all types of invaders in all types of ecosystems, and whether invasive species alter ecosystems through mechanisms not found in uninvaded systems.
CONTEXT AND THEORY Ecosystems, Impacts, and Mechanisms
Ecosystems. The term ecosystem is used in the ecological literature to refer to habitat types (e.g., "the lake ecosystem"), entirely biotic phenomena such as food webs, and the interacting set of organisms and resources in the abiotic environment (Tansley 1935) . In this review, I focus on the latter definition and ask if and how invasive species alter pools, fluxes, and mass balances of materials and energy. Tansley's definition requires examination not only of the biology of the organisms and the physico-chemical environment, but also the processes and mechanisms that connect organisms with each other as well as with the environment.
Ecosystem structures in terrestrial and aquatic ecosystems have many similarities, but also some notable differences. In terrestrial ecosystems, the plant-soil system involves a complex network of interactions and feedbacks (Ehrenfeld et al. 2005 ) and may function almost in isolation from the surrounding landscape (e.g., in ombro trophic bogs). Terrestrial ecosystems receive inputs from the atmosphere, from bedrock, and from adjacent ecosystems. In aquatic systems, by contrast, separate subsystems are found within the water column, at the water-sediment interface, and within the sediments. All these components can exchange materials with each other, as well as with other ecosystems and the atmosphere. Water movements play an important structuring role, and the dynamics of sediments are as important as the dynamics of nutrients, oxygen, and carbon in determining aquatic ecosystem function. Thus, it may be that invasives alter aquatic and terrestrial ecosystems through different pathways.
Animals and plants may also affect ecosystems through different pathways. Plants direcdy in teract with both the atmosphere through uptake of CO2 and release of water vapor and with the soil or sediments through uptake of nutrients and water. In so doing, they alter the properties of these components of the physical environment. Plants defend themselves against enemies largely through tissue chemistry. Animals may interact with these components both indirectly, through their consumption of plants and deposition of waste materials, and directly, through their bur rowing or attachment activities. Animals also may have separate behaviors for resource acquisition and for defense from predators, and these activities may differentially affect the physical environ ment and ecosystem processes. Thus, there is a potential for animal and plant invaders to affect ecosystem dynamics differently.
This review examines how exotic invasive species affect or change the physico-chemical envi ronment, either directly or through their interactions with other organisms, and the ramifications Mass balance:
accounts for all masses of a given material in an ecosystem, such that any difference between inputs and outputs equals the change in storage within the ecosystem of these changes for both the rest of the biota and the abiotic environment. Purely biotic im pacts of invasive species have been extensively and recently reviewed [e.g., mycorrhizae (Pringle et al. 2009 ), mutualists (Travaset & Richardson 2006) , plant and soil pathogens (Parker & Gilbert 2004 , Reinhart & Callaway 2006 , van der Putten et al. 2007 ), plus many papers on particular groups of biota (e.g., Kenis et al. 2009 , Sousa et al. 2009 , Wallentinus & Nyberg 2007 ]. I ex amine evidence for changes in pool sizes, flux rates within ecosystems (transfers among pools and transformations of element chemistries), and changes in both inputs to and outputs from ecosystems reflecting mass balance approaches to whole-system budgets. I use the term ecosys tem processes to include all of the fluxes and transformations of materials within, into, and out of ecosystems, as well as the pool sizes of materials within biotic and abiotic components of the system.
Impacts. Studies of changes wrought in ecosystems by the presence of invasive exotic species range in scale from small, plot-scale studies of individual flux rates to landscape-scale transforma tions of extensive areas. Species that alter ecological conditions (biotic, abiotic, or both) over larger regions have been termed transformers (Richardson et al. 2000) . However, species may change flux rates of materials but not necessarily gready transform large areas. In this review, changes over all scales of space and time are considered.
Mechanisms. The analysis of ecosystem impacts by exotic species is related to the current the oretical explorations of the ways in which species affect ecosystem function (Hooper et al. 2005 , Reiss et al. 2009 ). One set of theories addresses mechanisms by which individual species can have strong effects on their ecosystems and includes the concepts of ecosystem engineers (Cuddington et al. 2007 ), keystone species (Power et al. 1996) , and foundation species (Ellison et al. 2005) . A second branch addresses the complex of morphological, physiological, and chemical proper ties of individual species. For plants, these are referred to as functional traits, and they occupy a central role in explaining species-ecosystem relationships (Eviner & Chapin 2003 , Gamfeldt & Hillebrand 2008 , Hooper et al. 2005 , Reiss et al. 2009 ). They also have figured strongly in recent explanations of exotic species impacts (Henderson et al. 2006 , Levine et al. 2003 , Raizada et al. 2008 . Theories addressing the mechanisms by which animal species affect ecosystem function also invoke species traits (e.g., feeding or nesting behavior, often in combination with individual morphology, and social behavior or the tendency to form dense aggregations), but are not as well developed as a body of theory. A third body of theory commonly invoked to explain ecosystem impacts rests on concepts of food web structure and trophic cascades (Polis et al. 1999 , Shurin et al. 2002 
MASS BALANCE AND ECOSYSTEM PROCESSES
Over the past decade, the number of papers that have documented changes in ecosystem processes and properties has mushroomed, as has the number of variables assessed. The following survey of pool sizes, internal fluxes, inputs and outputs reflects over 300 papers reporting on over 200 species.
Pool Size: Do Exotic Species Alter the Amounts and Distribution of Elements within Ecosystems?
Change in pool sizes has been examined in many studies of plant invasions. Liao et al. (2008) , in a recent meta-analysis, found that plant invasions result in much higher pools of aboveground (133% higher) and belowground (5%) carbon (C), aboveground (85%) and belowground (112%) nitrogen (N), litter C (49%), soil C (7%), and soil (19%). Similar trends have been suggested in other narrative reviews (Ehrenfeld 2003 , Raizada et al. 2008 . The relatively few papers addressing phosphorus (P) and cation pools also show trends of higher biomass and litter pools. However, Liao et al. (2008) noted that these overall patterns were variable among life forms and ecosystem types, and that high variability occurred in the relative differences of all pools. The many papers published subsequendy are mosdy in accord with these results; reports of higher plant and litter biomasses (often taken as proxies of C, N, and other nutrients) are more frequent than reports of lower amounts. Notably, some widespread grass invasions result in decreased pool sizes. For example, Bromus tectorum invasions into former shrublands have lower soil and biomass C stocks than do uninvaded shrublands, as a result of fire (Bradley et al. 2006) ; and Agropyron cristatum invasions in the northern Great Plains result in lower soil pools (by 25%) of both C and N, due to less root growth, although aboveground biomass pools are higher (Christian & Wilson 1999) .
Nutrient pools in soil similarly increase more frequendy than they decrease following plant invasions (Liao et al. 2008) . Nitrogen and C pools are most frequendy documented; and fewer studies address and cations. Soil pools are increased more with invasion by N-fixing plants than by nonfixers. Phosphorus pools tend to increase in soil (e.g., Duda et al. 2003 , Hughes & Denslow 2005 , Vanderhoeven et al. 2006 , but decreases or absences of difference are also observed (Collins & Jose 2009 , Martin et al. 2009 , Scharfy et al. 2009 ). Cation pools frequendy show both increases and decreases, as well as lack of difference. However, observations of changes in pool sizes can be site specific. For example, loosestrife (Lythrum salicaria) invasions elevate pools in some sites (Fickbohm & Zhu 2006) but not in others (Mahaney et al. 2006) . Solidago gigantea similarly alters soil pool sizes of and in some sites but not others (Scharfy et al. 2009 , Vanderhoeven et al. 2006 ). Soil moisture, another important soil pool, is strongly affected by rooting depth of plants and season of active uptake (Enloe et al. 2004 , Gerlach 2004 , Potts et al. 2008 , Williams & Baruch 2000 . Exotic species can deplete soil moisture pools below levels observed under native species when their roots extend deeper than the native species or are active during different times of year.
Biomass pools in aquatic invasions also tend to increase, largely because many of the most prominent invaders are plants or invertebrates that form dense colonies [bivalves such as enigmaticus; or algal beds such as Caulerpa spp. (Ruesink et al. 2006 , Wallentinus & Nyberg 2007 ]. Ruesink et al. (2006) , for example, report increases of 250% in biomass associated with non-native oyster introductions. Excretion by animals is another pathway important in aquatic ecosystems; for example, excretion by tilapia (Oreochromis niloticus) increases water column and by up to 540% (Figueredo & Giani 2005) , and excretion by apple snails (Pomacea caniculatd) increases solution more than tenfold (Carlsson et al. 2004) . Similarly, the deposition of feces and pseudofeces by invasive bivalves concentrates nutrients at the benthic-water interface and in water adjacent to invasive populations (Hecky et al. 2004) .
Bioturbation associated with exotic earthworms (e.g., Addison 2009 , Eisenhauer et al. 2007 , Hale et al. 2005 ) and ants (Cammeraat & Risch 2008 , DeFauw et al. 2008 , Lach & Hooper-B?i 2010 redistributes materials, changing pool sizes within portions of the soil.
Decreased forest floor litter mass, decreased pools of nutrients in surface soils, and increased pools in lower soil layers typically occur. Animals also affect plant and soil pools through excretion; coqui frogs (Eleutherodactylus coqui) greatiy increase nutrient pools in plant biomass and in litter (Beard et al. 2002) . A third mechanism resulting from animal behavior is the accumulation of nutrients in soils behind dams built by invasive beavers (Anderson & Rosemond 2007 Within-system fluxes, like pool sizes, have received extensive attention in recent years. In terrestrial ecosystems affected by invasive plants, litter decomposition rates are on average 117% higher for exotic than co-occurring native species, and the higher litter masses imply higher element input rates to the soil (Liao et al. 2008) . These patterns continue to be observed in many but not all Rapidly decomposing litter of exotics also may facilitate more rapid decomposition of co-occurring native species (Ashton et al. 2005 , Hughes & Uowolo 2006 , Rodgers et al. 2008 ).
Animal invasions affect litter decomposition rates through several pathways. Direct consump tion and displacement from the soil surface into the soil matrix and stimulation of microbial populations by earthworms are the most extensively studied pathways (Li et al. 2002) . Worms also directly affect decomposition rates of material remaining on the surface, including fresh litter (Belote & Jones 2009 ) and deer pellets (Karberg & Lilleskov 2009 ). Invasive insect her bivores directly increase litter fluxes and alter the timing of their inputs to soil (Lovett et al. 2002 , Stadler et al. 2006 . Animals indirectly affect decomposition rates through their alteration of detritivore communities. Thus, invasive ants reduce or remove detritivore populations, caus ing decreases in decomposition and increases in litter pool sizes (Dunham & Mikheyev 2010 , O'Dowd et al. 2003 . Animal invasions also alter moisture and temperature controls on litter Litter decomposition in aquatic habitats appears to be less strongly influenced by the chemistry of the litter than is the case for terrestrial systems. Several studies (e.g., Braatne et al. 2007 , Harner et al. 2009 , Hladyz et al. 2009 , Reinhart & VandeVoort 2006 ) have failed to find differences between decomposition rates of exotic and native litters within streams, although some studies do find differences (higher rates for exotics) in some sites (e.g., Lecerf et al. 2007 ). Aquatic invertebrate communities often change in composition in response to exotic litter, but decomposition rates do not necessarily change with altered community composition.
As with litter inputs and decomposition rates, fluxes (N mineralization and nitrification) within terrestrial ecosystems affected by plant invasions tend to be increased by invasive plant species, as shown by Liao et al. (2008) deep uptake of cations promotes faster weathering rates (and thus a net input to ecosystems) remains unknown. Animal-mediated redistribution of materials among soil horizons can stimulate changes in process rates such as soil respiration, mineralization, and denitrification, although again, these changes are not always observed , Costello & Lamberti 2009 , Eisenhauer et al. 2007 ).
Aquatic invasions also involve large-scale redistribution of materials, particularly net transfers from the water column to the sediment surface and changes in fluxes from the sediments to the sediment/water interface and/or the water column, as reviewed recentiy by Ruesink et al. (2005) , Sousa et al. (2009), and Wallentinus & Nyberg (2007) . Such large-scale changes have been well documented for zebra mussels (Dreissena polymorpha? Hecky et al. 2004; Strayer 1999 Strayer , 2009 
Inputs: Do Exotic Species Alter Nutrient Inputs into Ecosystems?
Carbon inputs to an ecosystem occur through photosynthetic fixation and, at the ecosystem scale, result in changes to net primary production (NPP). Extensive research has addressed differences in C physiology, nutrient use efficiency, and leaf C costs in exotic versus co-occurring native plants. Researchers commonly report higher C input rates for exotic plants (Baruch & Goldstein 1999 , Funk & Vitousek 2007 , Liao et al. 2008 , Tecco et al. 2010 , van Kleunen et al. 2010 , and many others). This literature supports the inference of higher C input rates to invaded ecosystems.
However, patterns are, not surprisingly, complicated by conflicting results. Leishman et al. (2010) found no evidence of systematic differences in C physiology between native and exotic species in Australia, and Tecco et al. (2010) found that woody but not herbaceous species had higher resource acquisition abilities than did native species across habitats in Argentina. Whether differences in C capture always translate to higher NPP is often implied but not often demonstrated.
There are far fewer data available to evaluate changes to secondary production from inva sive animal species. In aquatic systems, studies of invasive mudsnails (Potamopyrgus antipodarum, Hall et al. 2006 ) and invasive bivalves (Ruesink et al. 2006 ) report large increases in secondary production compared to the native species (4-fold to 250-fold increases). The high biomasses documented for invasive bivalves and other reef-forming aquatic invertebrates suggest high rates of secondary production, but few studies document these biomasses, report productivity rates, or compare production with uninvaded systems.
Invasions of exotic herbivorous insects decrease growth and biomass, but explicit quantifications of reductions in NPP are surprisingly rare (Kenis et al. 2009 ). In one of a few such studies, Nuckolls et al. (2009) found that Adelges tsugae invasions decreased both above-and belowground production and also caused a 20% decrease in soil respiration flux. In the most comprehensive study to date, Clark et al. (2010) Ecosystems that depend on animal-mediated inputs of nutrients from different adjacent or distant ecosystems (Polis et al. 1999) inputs of marine-derived and causes cascades of changes to soil and plant pools and fluxes (Croll et al. 2005 , Fukami et al. 2006 , Mulder et al. 2009 In some aquatic animal invasions, transfers of material from the water column to the sediment surface affect nutrient flows between adjacent water bodies. The slipper limpet, Crepidula fornicata, creates a "silica pump" (Ragueneau et al. 2005 ), by which its suspension feeding removes up to 84% of riverine dissolved silica inputs to the Bay of Brest (France), which dramatically lowers both Si availability to pelagic diatoms and the Si flux from the enclosed bay to the adjacent coastal ocean. A similar "phosphorus shunt" has been described for zebra mussel invasions into the Great Lakes (Hecky et al. 2004) , by which riverine inputs of are diverted from lake waters to the benthos. These alterations of nutrient inputs depend on the dense populations and resulting high water filtration rates of colonial bivalves.
Outputs: Do Exotic Species Alter Nutrient Losses from Ecosystems?
Output mechanisms for materials include losses to the atmosphere as gaseous forms and as par ticulate forms as a result of erosion or fire, plus losses in water through leaching or surface flows.
In terrestrial systems, soil and plant respiration are primary pathways of C loss. Soil respiration rates increase in some invaded systems (Litton et al. 2006 , Marchante et al. 2008 , Zou et al. 2006 Animal invasions may also affect losses through denitrification by altering microbial commu nity structure, activity, and the oxygen status of the environment. As with plant invasions, there is a paucity of clear evidence of the magnitude and generality of these effects, and rates from labo ratory or small chambers are rarely extrapolated to ecosystem-scale budget estimates. Earthworm invasions may increase denitrification-based losses from both forest (Burtelow et al. 1998 ) and riparian (Costello & Lamberti 2009) soils, but again, not always ). Invasive ani mals that alter soil oxygen status through bioturbation theoretically can alter denitrification rates, but there are very few good data to assess this speculation, aside from one observation of invasive aquatic polychaetes that decrease denitrification through increased oxyg?nation (Hietanen et al. 2007 ).
Another pathway of loss that has been surprisingly poorly studied is the expected losses through volatilization and particulate fluxes during fire (Nepstad 2002 , Wan et al. 2001 . Despite much attention to increases in fire frequency, particularly from exotic grasses (Brooks et al. 2004 , Davis 2009 , Williams & Baruch 2000 , there have been few efforts to quantify the effects of invasive plant-induced changes in fire regime on ecosystem N. In one of the few ecosystem-scale studies of fire-mediated losses, Rossiter-Rachor et al. (2008 showed that invasion of Andropogon gay anus into Australian savannas results in 113% higher loss of and other nutrients than from the native grasslands, and that the losses were proportional to exotic plant biomass. They pointed out that because the only input, from rainfall, is low in this system (2 kg ha-1 year-1), the lost to burning in invaded sites (up to 61.5 kg ha-1 year-1 in high-intensity fires)
would take about 10 years of inputs to replace. Thus, the high biomass of many invasive fire promoting grasses probably leads to long-term losses of from invaded grasslands and savannas.
Exotic plant-mediated changes in fire regimes also result in C loss; in one site, Bromus tectorum converted a Western shrubland from C sink to C source (Bradley et al. 2006 ).
Leaching losses are similarly poorly known. Although many studies have demonstrated in creased rates of nitrification and increased concentrations of nitrate within the soil, the possibility of higher leaching loss rates is not clearly addressed in the literature. Animal invasions can pro mote increased leaching indirectly by increasing nitrification while decreasing plant uptake. Such a pathway has been demonstrated for hemlock woolly adelgid (Adelges tsugae) infestations, which increase nitrate and cation concentrations in soil water sixfold over uninfested stands (Yorks et al. 2003) . Exotic earthworms and ants may also increase leaching losses through increased nitrifica 
MECHANISMS OF ECOSYSTEM CHANGE
This survey suggests that the mechanisms by which individual species alter ecosystem processes include multiple pathways that are not only not mutually exclusive, but probably complementary.
Plant Functional Traits
Individual species traits are clearly implicated as a major pathway of ecosystem impact. Differences in morphological, chemical, and physiological traits are well documented for many plant invaders as a mechanism for change of some ecosystem processes (particularly NPP, litter decomposition, above-and belowground stocks of nutrients, and water use). In many but not all cases, invasive species have higher values of resource-acquisition traits, larger size, and/or higher growth rates, which imply higher pool sizes of C, N, etc. However, conclusions based on comparisons of traits depend heavily on the type of comparison. Contradictory patterns reported in some meta-analyses (Leishman et al. 2010 , Tecco et al. 2010 ) are a warning that global patterns remain elusive and that comparative findings depend on the specifics of the comparison. Comparisons of plant traits have focused exclusively on terrestrial plants; trait analysis has yet to be extended to aquatic invasive plants. Moreover, the translation of trait differences to ecosystem-scale changes in pools and flux rates remains, in many cases, reasonable but unverified.
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Phenology is not usually included in lists of functional plant traits, but clearly it is an important source of alterations to ecosystem processes. The production of high amounts of biomass or litter at certain times of year different from the native community affects the interlinked dynamics of C, nutrients, and water. Uptake rates, the activities of soil microbial communities that effect material transformations, and material use rates (e.g., transpiration, leaf area production) have been shown to change ecosystems solely through changes in timing of plant growth. Phenology may be as important as physiological or chemical traits as a driver of ecosystem change in invaded systems.
Several limitations to explanations of ecosystem differences based on plant traits should be pointed out. First, the amount of difference in particular traits required for an ecosystem-scale impact remains unknown for any trait. Indeed, it seems likely that the amount of difference in resource-acquisition traits required for ecosystem change vary both with the trait and with the ecological context. This caveat is supported by the many studies in which the same invader causes No comparable body of theory addresses trait differences for animals or animal invaders. Physical environmental changes resulting from trophic behaviors are just as important, however, although these pathways are usually excluded from the definition of engineering. Trophic activi ties that change physical environments include filter feeding, herbivory-mediated changes in light penetration, and consumption of organic horizons (that is, worms). Plants alter physical envi ronments through their size, morphology, and density. These properties affect light penetration, water flow and chemistry in both aquatic and soil environments, sediment deposition, and soil chemistry. Engineering concepts are more readily applied to animals than to plants, for which dis tinctions between trophic and nontrophic behaviors are irrelevant, as all growth involves resource acquisition. Indeed, in many of the cases examined, exotic species are altering ecosystems through combinations of trophic and nontrophic effects, so that they are both ecosystem engineers and keystone species.
Despite the emphasis on ecosystem engineering in the invasion literature, much of the literature on engineers describes biotic changes such as changes in species composition, rather than effects on ecosystem processes. This is particularly the case for terrestrial engineers. In aquatic habit?is, a long tradition in limnology of close attention to the role of water chemistry and nutrient fluxes has produced tighter connections between engineering and ecosystem processes, and examples of engineering are much better documented (e.g., Caraco & Cole 2002 , Carlsson et al. 2004 , Hecky et al. 2004 , Hummel & Findlay 2006 , Ragueneau et al. 2005 , Scheffer et al. 2003 , Strayer 2009 .
Undoubtedly, species that act as engineers or keystones in their native range (e.g., beavers, earthworms, colonial bivalves, densely growing grasses) are very likely to carry out the same activities in an invaded range. For species that are not identified as engineers in their native range, the main issue may be an abundance-impact question: Do exotic species become engineers or keystones in an invaded range as a result of higher population densities than normally achieved in the native range? This question implies that in some cases, ecosystem engineering may follow as a consequence of unrelated mechanisms (such as enemy release) that allow a species to become much more abundant in the invaded than the native range.
Perhaps the most widespread and general form of engineering results from the higher biomasses of invasive populations, as documented above. Denser, taller plants in terrestrial environments alter light and moisture regimes, create thicker litter layers, and change habitats for all types of consumers. In aquatic environments, dense mats of plants or shell beds alter hydrodynamics, water-sediment fluxes, light penetration, and consumer food webs. Thus, exotic species alter ecosystems in part by becoming novel foundation species, which then engineer changes to the physical environment. This situation implies that ecosystem processes, namely high rates of C fixation and NPP or secondary production in the case of animals, can drive ecosystem engineering in a self-reinforcing feedback process. Furthermore, it supports the conclusion that all of the various pathways identified in the body of theory on diversity-ecosystem function help explain ecosystem impacts of exotics and overlap in their applicability.
Disturbance Regimes
As noted above, changes to fire regimes as a result of plant invasions have been widely documented (Brooks et al. 2004 , D'Antonio et al. 1999 , Pauchard et al. 2008 ), but few studies have produced whole-system budgets. Given the known effects of fire in mobilizing nutrients and promoting loss through various pathways (Wan et al. 2001) , it might be expected that exotics that promote frequent fire also promote long-term decreases in nutrient stocks, a speculation supported by a few such analyses (Bradley et al. 2006 , Rossiter-Rachor et al. 2008 ).
Exotic insect defoliation events are also frequently invoked as causes of ecosystem change and altered disturbance regimes. Increases in the frequency and intensity of defoliation events are associated with widespread changes in NPP, litter fluxes, water fluxes, and nutrient fluxes, as has been well illustrated for the two best-studied exotic defoliators [hemlock woolly adelgid (Adelges tsugae) and the gypsy moth (Lymantria dispar)] (Clark et al. 2010 , Daley et al. 2007 , Eshleman et al. 1998 , Ford & Vose 2007 , Jenkins et al. 1999 , Orwig et al. 2008 , Riscassi & Scanlon 2009 , Sch?fer et al. 2009 , Stadler et al. 2005 , Townsend et al. 2004 ). Environmental change caused by altered insect defoliation regimes promotes vegetation changes that can result in a state change in the plant community such as the permanent loss of hemlocks in adelgid-affected forests (Gandhi & Herms 2010) , with the implication that such a state change will profoundly alter many ecosystem processes.
Other exotic-mediated alterations of physical disturbance are less well documented, particularly with respect to their impacts on ecosystem dynamics. Anecdotal evidence that invasive vines, such as Pueraria montana and Celastrus orbiculatus, increase tree death through overtopping is frequently cited (e.g., Webster et al. 2006 ), but there do not appear to be quantitative studies of changes to www.annualreviews.org ? Exotic Species and Ecosystem Processes 69 tree-throw disturbance dynamics, nor to the ecosystem effects of such changes in disturbance regimes. Changes to flooding regimes have been ascribed to Tamarix spp. invasions (Tickner et al. 2001) , but there are few data to evaluate the extent of flood frequency changes, and in no other riparian or stream invasions has the suggestion been made that the hydrological regime itself has been modified. In summary, both animals and plants can alter disturbance regimes with resulting changes to ecosystem processes, but few studies of disturbance regime changes quantify the changes to these processes.
Altered Food Webs
Changes in food web architecture provide another mechanism by which ecosystem processes are altered. Four pathways were found: (a) trophic cascades in which invasive predators reduce populations of consumers that transport nutrients between habitats, reducing inputs and altering within-system cycling; (b) invasive predators that alter the species composition and abundance of detritivores, altering litter decomposition rates (e.g., Beard et al. 2003) ; (c) invasive plants, whose litter is more or less palatable to detritivores than native species' litter (e.g., Bastow et al. 2008 , Reinhart & VandeVoort 2006 ; and (d) exotic animal modification of detritivore habitats within soil or water, as seen for invasive ants and worms (e.g., Dunham & Mikheyev 2010 , Eisenhauer et al. 2007 ) and zebra mussels (Miehls et al. 2009a ). However, changes to detritivore populations do not necessarily produce changes in litter decomposition or nutrient mineralization rates, and evidence that invertebrate communities are altered is more common than evidence that these changes result in altered rates of litter decomposition or nutrient fluxes.
CONCLUSIONS AND RESEARCH DIRECTIONS FOR THE FUTURE Mechanisms of Impact on Ecosystem Processes
It is clear that invasive exotic species can alter ecosystem processes through a wide variety of mechanisms, over a variety of spatial and temporal scales and over a wide range of degree of impact. This survey of the burgeoning literature on the subject also shows that no one path way of impact can account for all cases of ecosystem change. Indeed, multiple mechanisms can be identified in most, perhaps all, examples of ecosystem change. Specific mechanistic path ways, such as functional traits, ecosystem engineering, and altered disturbance regimes interact with each other and may reinforce each other to drive quasi-permanent state changes. Thus, in the continued search for mechanisms of impact of exotic species, a more promising direc tion of research should be to quantify and document pathways of interacting mechanisms, rather than to focus on single causative pathways as a "holy grail" of universal explanation (Simberloff 2010 ).
It is also clear from this literature that though some patterns may be frequently found (e.g.,
The data suggest that the most common pathways of impact of both plant and animal species are through changes, mostly increases, of biomass and alterations in the timing of growth and mortality. Higher biomasses of organisms necessarily reorganize fluxes of C, water, and nutrients because of stoichiometry and physiological requirements for resources. They similarly alter the physical environment by altering light penetration, temperature patterns, and the physical habitats available for detritivores and consumers, all of which can alter input and output fluxes. The ability of the invasive species to maintain high biomasses under the altered physical conditions suggests that positive feedback is present and important.
To date, no exotic species has been studied whose mechanism of impact differs qualitatively from that of native species or that cannot be understood through ecological theories developed for native species and uninvaded ecosystems. However, the fact that total ecosystem biomass frequendy appears to increase does pose a challenge to researchers and theorists: What sets the biomass limits for an ecosystem, and what processes allow this limit to increase as a new species becomes established? The higher biomasses seen in many invasions suggest that ecosystem size, as measured in total C and circulating nutrient stocks, is set by ecological factors operating within broad, regional environmental constraints and is not strictly constrained by local limits. Invasions thus present an interesting opportunity for basic research: How do invading species promote changes to the inputs, outputs, and within-system fluxes that permit the total amount of biomass of an ecosystem to increase? It is clear that studies that quantify differences in individual flux rates and/or pool sizes greatly out number studies of input and output fluxes, and studies of whole-system mass balance budgets are rare indeed. Thus, it is unknown as yet whether exotics tend to alter the distribution of materials within ecosystems more or less frequently than they cause net gains or losses. Indeed, perhaps the largest piece of missing information necessary to evaluate the impacts of invasive species on ecosys tem processes is the lack of whole-system budgets that use mass balance and stoichiometric theory (Sterner & Elser 2002) as the basis for analysis. Understanding and management of other envi ronmental problems, such as acid deposition, eutrophication, and CO2 emissions, have depended on detailed whole-system budget analyses (Pace & Groffiman 1998) ; exotic species invasions have not yet followed suit. The only case in which such comprehensive whole-system analyses have been conducted involves the effects of invasive woody plants on water budgets in South Africa (e.g., Gorgens & van Wilgen 2004) , which has led to effective management at a country-wide scale (Marais & Wannenburgh 2008) . Indeed, the lack of such a whole-system perspective makes it difficult to evaluate the significance of the documented changes in particular fluxes and pools and can lead to erroneous conclusions about the implications of differences in individual flux rates The importance of system-specific context in elucidating causative mechanisms of impact is another impediment to evaluating the generality of ecosystem alterations. In studies of both animal and plant invasions, site-specific factors, including soil type, hydrogeology, and a diverse range of habitat differences, result in contrasting patterns of change, or the lack thereof, by the same exotic species. Site history has also been invoked as a major modifying factor in determining ecosystem impacts of exotics (Didham et al. 2005 , Kulmatiski et al. 2006 . The prominence of both historical and site-specific factors in these and other studies suggests that a state-factor approach might be useful as a context for exploring ecosystem impacts. In soil science, state factors are widely understood to constrain patterns of soil development and function (Huggett 1998), and www.annualreviews.org ? Exotic Species and Ecosystem Processes this perspective has been adopted in the analysis of ecosystem processes in general (Chap?n et al. 2002) . From this perspective, it is not at all surprising that biotic changes resulting from invasions of both plants and animals should cause differing effects in different sites, depending on the status of the other state factors at those sites. Both plants and animals can be engineers, keystones, and foundation species. But plants affect ecosystem processes exclusively through their patterns of resource acquisition and growth, so that their ecophysiological and morphological traits provide a primary explanatory framework for their impacts on ecosystems. It is the density, morphology, and growth rate of plants that account for both changes to nutrient cycles and also the "transforming" accumulations of sediment that alter geomorphology and hydrology. In contrast, animals affect ecosystem processes through several separate pathways based on trophic and nontrophic characteristics and based on behaviors that may involve either or both sets of characteristics. Thus, beavers' dam-building behavior is in support of both trophic activity (food supply) and nontrophic needs (protection from predators). Invasive bivalves affect ecosystems through the production of dense shell beds, which transform soft substrate into hard (nontrophic traits), but also through the intense water-filtering effects of dense populations (trophic traits). Animals affect ecosystems through consumption and also through excretion, a process with no analog in plant growth. Exotic predators affect ecosystems through trophic cascades, through removal of animal-mediated nutrient transport mechanisms and through differential pr?dation of herbivores and detritivores. Therefore, animals affect ecosystem fluxes through a greater number of mechanistic pathways than do plants. The effects of animal invaders, particularly terrestrial animals, on ecosystem processes are subjects ripe for more detailed study.
Aquatic ecosystems have a tripartite structure (water, sediment/water interface, and sediments) and a great amount of physical transport within and between ecosystem compartments generated by moving water. This contrasts with the dual structure and relative immobility of terrestrial ecosystems. The greater importance of water flows as a structuring element of aquatic systems creates a different set of pools and fluxes that need to be considered. But these do not produce fundamental differences in the mechanisms by which individual species (in this case, invasive exotics) alter ecosystem function.
RESEARCH DIRECTIONS
Several clear research needs can be identified from this review.
1. Whole-ecosystem budgets based on mass balance approaches are needed in order to evaluate the importance and effects of changes in individual flux rates and also to evaluate the potential for changes that have social or economic consequences.
2. Quantification of the abundance-impact curves for particular fluxes and pool quantities needs to be determined. There are now a large number of studies demonstrating that heavily invaded and uninvaded systems differ for many components of all material cycles; there is virtually no information on how different a species needs to be in functional trait properties, and/or how different in abundance, in order to affect ecosystem processes.
3. A state factor approach developed for both terrestrial and aquatic systems might help explain how site history and site location (geology, topography, hydrology, water chemistry, etc.) constrain ecosystem responses to invasive species.
4. Extensive attention has been paid to C and cycles and, to a lesser extent, water cycles; much less attention has been paid to and cation cycling. These materials may be as important or more important than in affecting ecosystem dynamics and deserve more study. 5. Numerous studies of animal invaders have been undertaken to demonstrate their role in changing species composition and in trophic cascades within communities. However, with relatively few exceptions, there is little knowledge about how food web alterations affect ecosystem processes.
6. Related to the previous recommendation, the role of animals as agents of input and output of materials deserves more attention, concerning both novel fluxes introduced by invading animals and changes to the activities of native animals caused by introduced predators or competitors.
7. Alterations to the stoichiometries within pools and fluxes have received little attention.
Because stoichiometric relationships between resources and consumers (whether soil and water for producers, or producers for consumers, or both for detritivores) constrain both population dynamics and element fluxes, the effects of invasive species on element ratios need greater research attention.
SUMMARY POINTS
1. Invasive exotic species can alter ecosystem processes through a wide variety of mecha nisms that complement each other, over a variety of spatial and temporal scales and over a wide range of degree of impact.
2. No one mechanism of impact can account for all cases of ecosystem change. Although ecosystem engineering, keystone species effects, and individual functional traits account for many of the observed impacts, none of these pathways is sufficient to account for all ecosystem changes, and most cases of ecosystem change involve multiple mechanisms.
3. Ecosystem consequences of exotic invasions are site-and comparison-specific, so that the same invasive species may have different effects in different locations.
4. The data suggest that the most common pathways of impact of both plant and animal species are through changes, mostly increases, of biomass and alterations in the timing of growth and mortality.
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